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By We H. von Glatul and Vernon H. Gray 

The effects  of primary and runback ice  formations on the section 
drag of a 36O swept NACA 63A-009 airfoi l   sect ion  with a partial-span 
leading-edge slat were studied over a range of angles of attack from 2' 
t o  8O and airspeeds up t o  260 miles  per hour f o r   i c b g  conditions  with 
liquid-water  cbntents ranging from 0.39 t o  1.23 grams per  cubic m e t e r  
and datum a i r  temperatures from loo t o  25O F . 

The results  with slat retracted showed that  glaze-ice  formations 
0 caused large Etnd rapid  increases i n  section drag coefricient and tha t  

the rate of change Fn section drag coefficient f o r  ,the swept 63A-009 

airfoi l  w a s  about 22 times that for an unswept 651-212 a i r fo i l .  Removal 
of the primary i c e  formations by cyclic  de-icing caused the  drag t o  
return almost to   the   bare-a i r fo i l  drag value. A comprehensive study of 
the slat icing and de-Icing  ch8XaCteri6ticS was  prevented by limitations 
of the heat-  system and wake interference caused by the   s la t   t racks  
and hot-gas  supply duct to the   s la t .  In general,  the  studies showed 
that   ic ing on a thin swept m o i l  will resu l t  in  more detrimental  aero- 
dynamic characterist ics than on a thick unswept a i r f o i l .  

1 
* 

A s  par t  of a colqprehensive program t o  determine the  effects of var- 
ious  ice  formations on the EterdpmmLc characterist ics of a i r f o i l s  and 
t o  aid in the  determination of design  requirements for  icing-protection 
systems, the NACA Lewie laboratory is conducting studies on the drag 
associated  with  icing of various airfoils. The initial study (ref. 1) 
considered the section drag characterist ics i n  icing  conditions of an 
NACA 651-212 a i r f o i l  with  leading-edge  section unheated, continuously 
heated, and intermittently heated for cyclic  de-icing. This study 

the   a i r fo i l   sec t ion  drag, and also  the  effect  of vazious  frost'formations 
13 included  the  effects of both  primary ice  formations and runback icing on 
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on the  a i r foi l   surfaces .  The r e su l t s  showed that glaze-ice  formations, 
either  primary  or runback, on the  upper a i r foi l   surface near the  leading 
edge caused large and rapid  increases i n  drag, especial ly   a t  datum air 
temperatures  approaching 32' F, whereas rime ice  incurred at lower air 
temperatures did not appreciably affect the section drag coefficient. 
These resu l t s  were obtained with a s t ra ight  (unswept) a i r foi l   sect ion.  

Modern high-speed aircraft   frequently have eeptback wings Etnd high- 
lift devices such as leading-edge slats; it i s  importat,  therefore,  to 
investigate such a i r f o i l s  i n  icing clouds t o  determine the  differences 
in   i c ing  and aerodynamic Characteristics, if any, between these and  con- 
ventional unswept a i r fo i l s .  It i s  desirable  to  evaluate  the  effect of 
sweepback on the shape of the leading-edge i ce  formations and the a s ~ o -  
ciated drag penalties, and compare the  icing and drag characterist ics of 
a slatted airfoi l   sect ion with those of an unslatted  section. Drag 
penalties caused by runback and residual: ice formatfons  associated with 
thermal protection systems utilizing  various modes  of heating  should 
also be determined for  both slatted and unslatted swept a i r fo i l s .  With 
a thermal  ice-protection system eq1o;ring  intermittent  heating  (cyclic 
de-icing), an ice-free spanwise parting  strip  located  near  the  stagna- 
t ion  region  facil i tate-s  ice removal from unswept a i r f o i l s  (refs. 2 t o  . 

4 ) .  It i s  desirable,  therefore,  to compare the drag characterist ics of 
a swept a i r f o i l  with and without such a parting strig. 

The N M A  Lewis laboratory has conducted a study of the drag chm- 
ac ter ia t ics  in icing  conditions of a swept, slatted-leading-edge  airfoil 
model furnished by an aircraft manufacturer. T h i s  a i r f o i l  model was the  
first of i t s  type under development t o  be equipped with a thermal cyclic 
de-icing system. The purpose of this study w a s  t o  determine the problems 
associated with icing of this type of a i r f o i l  and t o  measure the  section 
drag losses  incurred with ice  formations  typical of various modes of 
heating. The mdel  consisted of a 36O swept NACA 63A-009 airfoi l   sect ion 
incorporating a slatted leading edge over only a portion of span i n  order 
t o  compare simultaneously  the  icing  characteristics of the slatted sec- 
t i on  with those of the  unslatted  airfoil .  The model was equipped with an 
icing-protection system ut i l iz ing  a combination of e lec t r ic  and hot-gas 
heating systems and was operated  both  continuously and cyclically over 
a range of icing  conditions. Because of m o d e l  deficiencies that will be 
discussed later, only  limited data were obtained f o r  the effect  on dreg 
of ice  formations,on  the slatted portion of t h e   a i r f o i l  when the slat 
was extended. P r i m i l y ,  the  present  report i s  &IL extension of refer- 
ence 1 to  include the drag characterist ics of a swept a i r f o i l   i n   i c l n g  
conditions. 
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The model used in  this study  (fig. 1) i s  an NACA 63A-009 a i r f o i l  
section of 6.9-foot chord i n   t h e  streamuise direction and spanning the 
6-foot height of the  icing  research  tunnel. The leading asd t r a i l i ng  
edges of the m o d e l  are sweptback at an angle of 36'. The a i r f o i l  
leading-edge  section  consists of -i;wo main units, &z1 unslatted  or 
standard-airfoil  section of approximately 28 inches qmwise extent and 
a movable slatted leading-edge  section  (fig. 2) . (Herein, qmwise 
denotes a direct ion  paral le l  to the  leading edge.) The leading-edge 
s l a t  i s  of 20-inch chord in the streamwise direction and 44 inches in  
spanwise extent. The slat moves forward on tracks and ro l le rs   in to   the  
air stream i n  a direction normal t o  the leading edge. A hydraulic system 
is ut i l ized  t o  move asd hold the slat i n  any desired  forward  position. 
The slat tracks are curved so that the .extended slat moves on a circular 
arc to  posit ions forward of and below the lower surface of the r e s t  of 
the   a i r foi l   sect ion.  The radius of curvature of the  tracks i s  approxi- t 

P mately 34 inches, and t h e   f u l l  movement for   the  slat i s  over a 1 6 O  center 
r;' angle. B 

cd 

Heating  Systems 

The slat leading edge waa provided with an electrically  heated  ice- 
f ree   par t ing  s t r ip   consis t ing of a heating elemen% secured t o  a spanwise 
f i n  w h i c h  i n   t u r n  w a s  r i v e t e d  to  t h e   a i r f o i l  skln at the stagnation 
region f o r  normal cruise angle of attack.  Electric  heating elements w e r e  
also secured around the  periphery of the  closing ribs at the spthnwfse 
ends of the slat. The upper and lower surfaces of t he   s l a t  w e r e  gas- 
heated. H o t  gas was introduced by meass of a flexible tube in to  a D-duct 
running  spaarise ne= the  leading-edge  region of t he   s l a t   ( f i g .  2 ) .  The 
hot gas was distributed t o  both ends of the slat, then  passed  through  a 
double-skin  configuration in the upper slat surface, and exhausted into 
the  center of the slat through small orif ices .  The lower surface of the 
slat near the  D-duct baffle w a s  heated by conduction f r o m  the  baf'fle aad 
by the exhaust  gas from the upper skin. In addition, a ser ies  of six 
holes i n  the  D-duct supplied  supplemental  hot  gas t o  the lower su face .  
A portion of the rear face of the sla% (slat  surface  contacting fixed 
a i r f o i l  when slat i s  retracted) was provided  with a double sk in   to  
increase  the  heat-transfer  characteristics. The t r a i l i n g   l i p  of the 
lower surface was heated by an extension of this double-skin  configura- 
tion. The s la t   t racks  w e r e  heated by electric  heating elements secured 
along both sides of the tracks. 

t 

The fixed m o i l  section behind the slat (downstream) w a s  divided 
into four  heating zones because of the  location of the two s la t   t racks 
and the  f lexible  hot-gas  duct t o   t he  slat. EEtch zone was gas-heated  by 
means  of a supply  duct from a cormon header,  a  spanwise D-duct, a.nd a 
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chordwise double-skin  configuration.  Electric  heating elements were 
used in each zone to  obtain an ice-free parting strip near the normal 
cruise  stagnation  region of this a i r fo i l   sec t ion  when the e l a t  was 
extended. 

The leading-edge  region of the  standard-atrfoil  section  (unslatted) , 
which constituted the portion of the model near the  tunnel  floor, was 
s u p p l i a  with a gas-heated pa r t ing   s t r ip   i n  the form of a small circular 
duct  secured t o  a fin, which i n  turn  was  r i v e t e d  to   the   sk in  at the 
n w  cruse  stagnation  region  (fig.  2) The upper and lower surfaces 
were gas-heated by mean6 of a double-skin  configuration for which the 
hot  gas was supplied through a spanwise  D-duct. The closing r ib  sections 
of the a i r f o i l  w e r e  e lec t r ica l ly  heated by  elements  secured along the 
ribs. 

The a i r fo i l   sec t ion  between the slat and the  top of the  tunnel vas 
gas-heated  by means of a double-skin  configuration. The section ircune- 
diately aft of the  heatable leading-edge sections  containing  the  electric 
leads and gas  supply lines was heated by  exhausting  hot  gas  into the 
en t i re  chaniber.  The aft portion of the model was steam-heated and oper- 
ated a t  a pressure  slightly below free-stream  static  pressure  to  prevent 
leakage in to   the  wake behind the  a f r fo i l .  ALL leading-edge sections of 
the m o d e l  w e r e  c q a b l e  of being heated  independently for cyclic  ice 
removal. o r  collectively f o r  continuous  heating. 

Cycling of the  hot  gas was acconglished  by the use of double- 
throated valves  with two butterfly  plates  displaced 90' on a comon 
shaft. The valves were pneumatically  operated &nd controlled by 
solenoids. 

Instrumentation 

Two pressure  rakes  located 28 inches behind the trailing edge of 
the a i r f o i l  w e r e  used to  measure the  a i r foi l   sect ion drag. One rake, 
located 2 feet from the  tunnel ceiling, measured the drag of the  slatted- 
airfoil   section; & the  second rake, mounted 18 inches above the tunnel 
f loor,  measured the drag of the  standard-airfoil  section. The rakes 
each consisted of 80 e lec t r ica l ly  heated total-pressure tubes and f ive  
static-pressure  tubes. The total-pressure  tubes w e r e  spaced on 1/4-inch 
centers, asd the  static  tubes were evenly distributed along the span of 
each r&e sl ight ly  above the  total-pressure  tubes. The sqports f o r  the 
rake were gas-heated for icing grotection. 

h 

a 
0 
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MpERIMEECfi CONDITIONS AND TECETNIQW 
a 

The airfoi l -sect ion drag studies reported herein include  the  effect 
of ice  formations on an unheated airfoi l ,   the   effect  of prlmary and run- 
back ice  formations on an a i r f o i l   u t i l i z i n g  a cyclic  de-icing system, & 
the ef fec t  of various arnounts of runback icing on an a i r f o i l  with a con- 
tinuous  heating system that does not evaporate all the  bpinging w a t e r .  
The heating  requirements  necessary for adequate ic ing  protect ion  for   this  
model  were determined from a previous unpublished study. Changes in these 
heating  quantities were d e ,  &en required, in order t o  obta3.n specific 
types of ice  formations on the  a i r foi l   surfaces .  For all studies, the 
full-span  gas-heated compartment aft of t he  leading-edge  section and the 
steam-heated eft portion of the -el were heated as a unit t o  prevent 
frost  formations. 

c 

The range of conditions  studied  in t h i s  evaluation was as  follows: 
airspeed, 175 ana 260 miles per hour; liquid-water content, 0.39 t o  1.23 
grams per  cubic meter; and datum air temperature, loo t o  25O F. The 
geometric  angle of attack of the a i r f o i l  was varied from 2O t o  8O with 
the slat fully retracted. With the s l a t  extended 8O (half of maximum 
t r a v e l ) ,  the  angle of attack f o r  the a i r f o i l  was set at 6O. A special 
study was made at an angle of attack of 8O with slat half extended (So> 
and fully extended (16O) . In addition,  ice  formations w a e  allowed to 
build up on the  leading-edge sections at l o w  angles of attack (2O and 
4 O )  f o r  a period of about 4 minutes, and the angle  then changed t o  7O or 
8O. This procedure  permitted a measurement of the drag produced by 
ic ing  that  might be encountered wtth a cyclic  de-icing system during  a 
heat-off  period  for an airplane  le t t ing down through an ic ing cloud and 
then  f laring  out  for a landing approach. 

Datum-air temperature i s  defined and determined as the average sur- 
face terqeerature of the unheated  leading-edge  section. In icFng  condi- 
t ions,  the datum teqperature was determined fram thermocouples shielded 
from or  not subject  to the release of the  heat of fusion fram the 
Fmpinging water droplets. For the range of conditions  investigated, 
l i t t l e   d i f f e rence  between t o t a l  and. datum air temperature w a s  found. 
The liquid-water  content was determined  from  a  previous callbration of 
the  tunnel. 

In the absence o f  exact knowledge of the  droplet inqingement char- 
ac t e r i s t i c s  of the test a i r fo i l ,  the data are discussed in  general terms 
of water  catch,  defined as a function  only of liquid-water content and 
airspeed  (ref. 1). By this means, the s i z e  of the  ice  formations 
obtained at   the   a i rspeeds and liquid-water contents used i n  this study 
may be assumed, for example, to be approximately  representative of ice  
forulations that would be  obtained a t  twice  the  airspeed and half the 
liquid-wat :r content. 



6 NACA RM E53J30 . 
Throughout the study,  photopaphs-of _the ice  formations on the alr- .. 

fo i l   sur faces  were made to   correlate   the  s ize  and shape of these  foma- LI 

t ions with the changes in drag as determined with the wake rakes (ref. 
5). These changes i n  drag were determined  by use of an integrating - 

menometer system that  permitted  pressures from ei ther  rake t o  be record- 
ed photograghically from the manometer. The drag data were, therefore, 
obtained  successively  for  the upper and lower rakes  during a test run. 
During the  study of cyclic de-Fcing, data for  each rake were obtained 
with  alternate  cycles. 

- 

- .  

a 
8 

RESULTS 

The data obtained i n   t h i s  study  are  presented Fn terms of the 
increase  in  airfoil-section drag wi th  duration in   ic ing.  The study i s  
divided in to  two primary  categories: the first, which i s  concerned with 
the drag increase  for a swept a l r f o i l  (slat retracted),  includes the 
effect  of ice-formations on the unheated model as well as of the i ce  
formations  associated  with a cyclic  de-icing system and a continuous- 
heating system that does  not  evaporate all impinging water. The second 
category, which i s  concerned with the drag increases of as a i r f o i l  with 
an extended  leading-edge slat, includes a brief  description of the 
effects  of ice  formations on the  a i r f o i l  drag during a Landing approach. 
Wind-tunnel wall-interference  effects on drag coefficients w e r e  not 
evduated. 

General  Considerations 

As the geometric  angle of attack of t h e   a i r f o i l  was increased (slat 
retracted), the  effective angle of attack as indicated by droplet impinge- 
ment patterns  increased  along  the  airfail  leading edge from the  tunnel 
f loor  to  the  tunnel  ceil ing.  This phenomenon may be explained  by  the 
f ac t  that the sweep of the airfoil introduced a twist i n  the afr stream 
which was started by the faxthest upstream portion of the model (near 
floor) and became progressively  greater as the  air moved downstream and 
encountered more of the   a i r fo i l .  "" 

.. 

The change i n  the effective-angle of attack along the spm caused 
by the twist i n  the air stream was a160 evident from the  section drag 
coefficients  for  the  bare  airfoil   calculated from the momentum wake 
prof i les   ( f ig .  3). The lower rake behind the  standard-airfoil  section 
(18 in. from tunnel  floor) showed  no appreciable drag change as the 
geometric  angle of at tack was changed from 20 t o  .8O; whereas, the upper 
rake behind the  slatted-airfoil   section, (24 in. from ceiling)  indicated 
a sl ight ly  larger drag than t he  lower rake at most of the low angles of 
attack, a s t i l l  larger drag  coefficient at 7O angle of attack, and a 
s h i f t  i n  momentum  wake accomganied by a conaiderable  increase i n  section 
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drag coefficient at 8'. The constant  bare-airfoil drag coefficients ob- 
tained  with  the lower rake over the  range of angle of attack shown in  f ig -  
m e  3 me  believed  to have been  caused by the twist in the air stream afla 
possible  interference  effects of the  tunnel  f loor on t h e   a i r  flow over 
the swept a i r fo i l .  These effects  on drag coefficient have been observed 
with wake measurements f o r  other swept -oils (unpublished NACA data) 

1 

The icing  characterist ics of an unheated swept a i r f o i l  are differ- 
ent from those for an unswept a i r fo i l .  In reference 1, leading-edge 
glaze-ice  formations on an unswept a i r f o i l  formed a continuous so l id  
spanwise projection (fig. 4(a) ) ; for  a swept airfoil, a broken  spanwise 
formation  resembling a row of nested cups formed mer similar condi- 
t ions   ( f ig .  4 ( b ) ) .  This phenomenon has been  observed for  other swept 
wings ( f ig .  4( c) )  , and apzarently  the spanwise distance between these 
cups increases  as  the sweep angle is increased. A similar broken, cup- 
shaped ice  formation i s  sham on the  ah-foil   wlth slat extended i n  f i g -  
ure 4(d).  It i s  believed  that   as  these rough glaze-ice  deposits 
increase i n  size, l oca l  high  spots are formed a t   i n t e rva l s  along the 
span  because of a delay i n  the  freezing of Fmpinging w a t e r  and a tend- 
ency t o  flow before  solLdification. These high points in  the i ce  for-  
mation intercept more of the impinging water  because of m increased 
local  water-collection  efficiency, and, as a result, adjacent  ice 
deposits we shielded. The extent of shielding  appears  to be a function 
of the air-f low  component pa ra l l e l   t o   t he  span as influenced by the 
sweep angle. A large sweep angle  causes  the  shielding  effect t o  extend 
farther  along  the span; hence, a greater  separation i s  observed between 
the cups. 

A t  low datum air tenqeratures (loo F) ice-formation  chazacteristics 
of rime i ce  f o r  a swept a i r f o i l  are the same as those observed fo r  an 
unswept a i r f o i l .  A t  this low air temperature, the winging droplets 
freeze upon s t r iking  the  a i r foi l ;  consequently, the running wet condition 
associated  with the collection of i c e  at air temperatures  near  the 
freezing  point,  required  for  the cup-shaped i ce  formation,  does not occur. 

Limitations of Thermal Icing-Protection System 

The drag data  reported  herein were necessarily  restricted by the 
l imitations of the  icing-protection system, especially  with  respect to 
the  slatted  portion of the  model and for  cyclic  operation of the  heating 
system. Inadequacies in   the  heat ing system are illustrated i n  f igure 5 
by the  typical  ice  formations on insufficiently  heated  surfaces of the 
model. With the slat extended, the  tracks w e r e  insufficiently  heated 
even at a datum air temgerature of 25O F and an airspeed of 175 miles 
per hour. The rear   face of the slat (fig. l ( b ) )  was vi r tua l ly  unpro- 
tected by the  cyclic  de-icing system and accumulated s izable   ice  forma- 
t ions,   partly by d i rec t  iaqingement i n  the slot and par t ly  by  runback 
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icing. These ice formations  tended t o  decrease  the  slot exit area and, 
a t  times,  prevented complete slat retract ion by as much a s  3 inches of 
travel.  Similxrly, the last 4 inches of the slat trailing edge on the 
upper surface accumulated  runback icing that could  not be dislodged 
except by large amaunts of heat and long heating periods. The slat tabs 
w e r e  the worst offenders  vlth  respect  to  ice accumulation ( f ig .  5 ) .  
These large ice masses could only be removed by exorbitant amounts of 
heating (unpublished data). During a cyclic  de-icing test, these  ice 
formations would shed sporadically after f o u r  t o  six cycles; however, 
the shedding would not  occur  simultanenusly fo r   a l l   t h ree   t abs .  The 
closing ribs at each end of the slat were insufficiently protected a t  
datum air temperatures less   than 20° F. The fixed airfoi l   sect ion 
behind the slat was laadequately  protected at the leading-edge  region by 
the  e lectr ic   par t ing  s t r ips .  A nonWorm  dis t r ibut ion of heat  to  the 
lower surface of this portion of the model caused several  cold  areas 
tha t  accumulated  massive ice  formations,  especially  near  the track 
openings and at the   a i r fo i l   sk in  over the  track  stations  (fig.  5) . A t  
low datum air temperatures  with slat extended, i ce  also formed on the 
insulated gas supply  duct t o  the s l a t .  The standard-airfoil (unslatted) 
port ion of the model  showed only two minor indications of inadequate 
heat  distribution, namely, a rapid  reductim i n  width of the  gas-heated 
par t ing  s t r ip   in   the  direct ion of gas flow and an inadequately  heated 
s t r i p  of skin between the junction  with  the  pmting-strip fin and the 
entrance t o   t h e  upper-surface  double  skin, which caused an ice   r idge  to  
remain a f te r   the   res t  of the a i r f o i l  was cleasly  de-iced. 

In coqjunction  with the l imitations imposed by the  heating system, 
a considerable inflaw of 'air in to  the  s lot  between the  slat and the 
airfoi l   sect ion behind the s l a t  was observed, especially neaz the   s la t  
end adjacent to  the  standard-airfoil  section. This three-dimensional 
flow characterist ic caused the  air   to  pass  obliquely over  the  tracks 
and the slat hot-gas  supply  duct and thereby  caused large wake effects, 
which were measured a s  parrt of t he   a i r fo i l  momentum  wake l o s s  by the . 

upper rake. In an actual aircraft ins ta l la t ion  fm which the tracks 
Would be  separated by 8 t o  10 f e e t  rather than  the % f ee t   fo r  the 
model, these wake effects  would be localized and would not constitute  a 
large  percentage of the  over-all wake losses. Because of the wake 
effects  caused by the  tracks, the supply duct, and the  large  ice  accre- 
t ions  on the inadequately  protected  areas of the model, a drag analysis 
with slat extended was rendered  almost  useless. The data  presented  for 
this mode of operation  are merely indicative of the drag changes that 
are associated with the  ice  formations shown fo r  each t e a t  run. 

1 

In  addition to the heat--system deficiencies,  difficulty was also 
experienced, during t he   l a t t e r   pa r t  of the program, by hot-gas  leaks 
through the valve supplying gas   to   the slat. The presence of these  heat 
leaks caused large local ly  heated areas near the leading-edge  region, 
which i n  some cases altered the  resultant  icing  characterist ics on the 
slat suf f ic ien t ly   to   a f fec t  wake measurements. 

a 
8 
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Because of these model deficiencies, the present  report may be 
considered an extension of reference 1 t o  include a study of the drag 
characterist ics of a swept a i r f o i l  in icing  conditions. Only limited 
data  are  presented  for the effect  on drag of i c e  formations on the 
extended s l a t .  

D r a g  Measurements with Slat Retracted 

Unheated a i r fo i l ,  no par t ing st;i-ip. - The resu l t s  of reference 1 
indicate   that   the  largest increases in section drag coefficient occur 
i n  heavy glaze-icing  conditions  incurred at high datum air terqperatures 
(greater than 25O F) asd high rates of 'water catch (liquid-water  content 
of the  order of 0.8 g/cu m); consequently, the greatest   effor t  expended 
in  the  present  study was t o  ob%- additional drag information fo r  these 
glaze-ice  conditions. The ef fec ts  of glaze-ice  formations on the  section 
drag of an a i r f o i l  are sham in   f igure  6 as a function of time i n  the 
icing condition f o r  a range of angle of attack from 2 O  t o  8'. The data 
were obtained  for  both  &foil  sections with the slat fully retracted.. 
In general,  the  increase in drag i s  similar f o r  both the slatted- and 
standard-airfoil  sectiona f o r  a range of angle of attack from 2' t o  6'. 
The i n i t i a l  rate of change of the drag coefficient in icing for  both 
a i r f o i l  sections at 8' -le of attack is mewhat similar; however, the 

time in  icing, whereas the drag f o r  the slatted-airfoil section does not 
change appreciably after the initial 2 t o  3 minutes i n  the icing condi- 

an increase in  angle of attack from an average drw change of 0.015 fo r  
10 minutes i n  icing at an -le of attack of 2 O  t o  0.025 at 8' ( standard 
a i r f o i l ) .  These drag changes represent 167- and 278-percent increases 
i n  section drag coefficient,  respectively,  for 10-minute icing periods 
with a liquid-water content of 0.83 gram per  cubic meter at a datum a i r  
temperature of 25' F. Photographs of the i c e  formations  associated with 
the drag coefficients of f igure 6 are  presented in  f igure 7 for  angles 
of attack of Z0, 4O, 6O, .and 8'. (The standard-airfoil  section i s  seen 
in  the lower portion and the   s la t ted-airfoi l   sect ion  in  the upper por- 
t i on  of each se t  of photographs.) The glaze-ice  formations  generally 
protrude  into  the flow field asd cause disruptions to  the a L r  flow, which 
resu l t   in   l a rge  drag increases. In reference I, a shift in the position 
of the momentum  wake (indicative of a l o s s  i n  lift) is reported to 
accompany large increases in drag at an angle of attack of 8O f o r  a 
heavy gbze-icing  condition on an unswept a i r fo i l ;  this shift was not 
evident f o r  the  standazd-airfoil  section  (laier  rake  station). The 
s l a t t e d a i r f o i l   s e c t i o n  (upper rake stat ion) ,  however, showed a large 
increase i n  drag and the onset of stall at an angle of attack of 8O, 
even i n  dry air. 

'1: 
8 

- drag f o r  the  standard-airfoil  section i s  a m s t  l inear  with respect  to 

* tion. The r a t e  of change of  the  section drag coefficient increases with 
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The e f fec t  of a rime-ice  formation on a i r f o i l  drag i s  also shown i n  
figure 6 by the change in   sect ion drag coefficient  obtained at &z1 angle 
of attack of 4' KLth a datum a i r  temperature of loo F and a liquid-water 
content of 0.55 gram per cubic  -meter. The average increase i n  drag 
coefficient  in  the  rime-icing  condition was 0.0068 (61  percent) i n  10 
minutes of icing. Photographs of the  rime-ice  formations  associated 
with the  rlme-ice drag data  presented i n  f igure 6 are shown in   f igure  8. 
The primmy rime-ice  formations blend smoothly in to   the   a i r fo i l  contour 
and do not  protrude  into  the flow f i e ld - in  the manner of the heavy g l a z e -  
i ce  formations  previously  discussed. 

a 
8 

The section  drag measurements indicated that, even a t  relatively 
low rates of water catch (0.39 g/cu my f ig .  9), appreciable  increases i n  
section drag coefficient  occurred  during  icing  periods up t o  20 minutes 
i n  duration. The section drag coefficient increased an average of about 
15 percent i n  the init ial  3 minutes of the icing  period. The lmges t  
increase in   sect ion drag coefficient  occurred  at &z1 angle of attack of 
4' after 14 minutes in the icing  condition,. amounting t o  a 76-percent 
increase. A sequence of photographe showing the  progressive  build-up of 
the  i ce  formations  associated with the drag values of f igure 9 are shown 
in   f igure  10 for  angles of attack of 4' and 8'. The photographs indicate 
that the glaze-ice  formations formed a t  a w a t e r  content of approximately 
0.39 gram per  cubic meter are faired. somewhat into  the  general   airfoil  
contour in  the  stagnation  region. - .. . 

Unheated a i r f o i l  with parting strip. - Studies were made to determine 
whether the leading-edge-region i ce  formations obtahed  during  use of an 
ice-free  parting strip such as recommended for  cyclic  de-icing systems 
(refs. 2 t o  4) w e r e  more or less detrimental  than  those  obtained  without 
a parting  strip.  The resu l t s  of a study with an ice-free  parting  strip 
are shown in   f i gu re  11, wherein the  section drag coefficient i s  shown as 
a function of time i n   i c i n g   f o r  angles of attack of 4O and 8'. The data 
presented were obtained at a datum air temperature of 25' F and at two 
liquid-water  contents  (approx. 0.4 and .0.85 g/cu m) for  both  slatted- 
and standard-airfoil  sections. The average rate of  chaage  of the drag 
coefficient with time i s  Ebpproximately the same as with a completely 
unheated a i r fo i l   ( f i g .  6) . Only at an angle of attack of 8' with a  high 
r a t e  of water  catch and after 7* minutes in   i c ing   ( f ig .  l l (a ) )  does  the 
drag increase m o r e  rapidly  with a parting s t r i p  than without; however, 
t h i s  increased rate may be only an exceptional  case. From these data and 
the similar resu l t s  of reference 1, it may be concluded that the i c e  for- 
mations associated with aa ice-free  parting  strip are no more detrimental 
than  those  formations  obtained with an unheated leading-edge  section. 
Photographs showing the ice-free  parting  etrip and the  resultant 
stagnation-region  ice  formation  associated with the drag data of f ig -  
ure 11 are presented in   f i gu re  12. A s  the  ice  builds up on either side 
of the narrow part ing  s t r ip  (1 in.) the  ice-free  mea is gradually 

. 
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reduced in   s ize .  During the   l a t t e r   pa r t  of most of these runs, the 
par t ing  s t r ips  were obl i terated because of ice-bridging between the upper 
and lower surfaces. 

Cyclic  de-icing. - For a cyclically de-iced  leading-edge  section 
u t i l i z ing  an ice-free  parting  strip and with the slat retracted,   the 
increases  in  section drag coefficients caused by primary and runback ice 
formations  are shown in   f fgure 13 as a function of k i n g  time. Photo- 
graphs of the  ice  formations  corresponding to   t he  drag data   in   f   igwe 13 
are shown in   f igure  14. Recuse  the wake survey data for  the cyclic de- 
icing runs were recorded for   the  f irst  cycle  with one rake (before and 
after the heat-on period) and for   the following cycle  with  the  other 
rake, the  drag-coefficient  curves  for each a i r f o i l  section are discon- 
tinuous,  with only every  other  cycle  recorded. 

For glaze-ice  formations  occurring a t  a datum air temperature of 
25O F, a  liquid-water  content of 0.39 sa)?.! per cubic meter, and an angle 
of attack of 4O, the  section drag coefficient at the end of the  heat-on 
period  increased less than 6 percent  after  a 20-minute icing time ( f ig .  
13( a) ) . Removh of the ice formation by intermittent  heating showed an 
insignificant  effect  on the  drag values. An increase i n  the  heat-off 
period f r o m  220 t o  460 seconds  caused an increase i n  drag of as much as 
0.0047 at the end of the  heat-off  period  (fig. l3( a) ) . The ice  forma- 
t ions  contributing  this drag increase  are shown i n   f i g u r e  14( a). Shed- 
ding of these  ice  formations caused the drag to re turn   to  within ll per- 
cent of the  a i r foi l -sect ion drag i n  dry sir. A decrease i n  the heating 
period from 20 t o  10 seconds did not materia- change the drag value 
a f t e r  shedding of the i ce  from that  obtained at the longer  heat-on 
period  (fig. =(a)).  The i ce  formations  associated  Kith the drag values 
incurred  during  the  heat-off  period of 470 seconds are shown i n  f ig -  
ure ~ ( a )  . 

The e f fec t  on the drag coefficient of an increase i n  liquid-water 
content from 0.39 to 0.80 i s  shown i n  figure 13(b) fo r   t he   a i r fo i l  at an 
angle of attack of 4O.  With a 20-second heat-on  period,  the r n ~ ~  
increase i n  drag coefficient for the  standard-airfoil  section was only 
3 percent  after  ice  removd f o r  an icing exposure t i m e  of IZ+. minutes. 
The  maximum drag increase  during  the  heat-off  period amounted t o  0 .oO24. 
A decrease in heating  period from 20 t o  10 seconds did not materially 
a f f ec t   t he   a i r fo i l  drag ( f ig .  l3(b) ) . The drag values fo r  the s la t ted-  
leading-edge section with slat retracted (upper  rake) showed a much 
greater drag increase during the  heat-off  period  for a liquid-water con- 
t en t  of 0.80 (maximum increase of 0.013) than  for 0.39 gram per  cubic 
meter. This increase i s  believed t o  be caused by the shage of the   i ce  
formation on the upper surface  (fig . 14( b) ) . The drag a f t e r   i ce  removal 
also  increased  with time, reaching  a  value a f t e r  365 minutes i n  the 
icing  condition of 0.0044 hfgher  than  the a i r f o i l  drag value Fn dry air. 

1 



Observations  shared that   the  ice-forma-i;ion in  the  slatted-leading-edge 
region i s  dis tor ted because of the w~blpl meas caused by the leaking  gas 
valve.  This a s t o r t i o n  of the  ice  formations caused the  ice  t o  protrude 
more perpendtcularly  into  the flow field mound the a i r f o i l  leading-edge 
region and thereby  disrupt the flow asla cause large drag increases. 

" - 

A t  an angle of attack of 2' with slat retracted and a liquid-water 
content of approximately 0.80 gram per cxibic meter (fig. 13(c) ) , the 
slatted-airfoil  drag  increase  following  the  heating  period (20 sec) was 
approxfmately the same as at the 4O angle of attack. The ice  formations 
in   t he  leading-edge  region fo r  an angle of attack of 2O are shown i n  flg- 
me 14(c) ; they are similar t o  those at 4 O ,  except that  the primary ice  
formations are shifted around the leading edge i n  a direction  towad  the 
upper surface.  Incomplete ice  shedding on the standsrd-airfoil  section 
accounted f o r  the higher d r a g  values  following  successive  heating  periods. 

Continuous heat iq .  - The drag increase  attr ibutable  to runback 
ice  formations was determined for the  standard-airfoil   section  for a 
continuous-heating system tha t  does  not  evaporate a l l  the Fmpinging 
w a t e r .  The study was made f o r  a liquid-water content of' 0.80 gram per 
cubic  meter and angles of attack of 4' and 7O. In addition, one run was 
made at  6' angle of attack Kfth a liquid-water content of 1.05 grams per 
cubic  meter Such runback fcing may be encountered i n   f l i g h t  when an 
anti-icing s'ystem i s  thermally submarginal f o r  the  icing  condition. The 
heat  input  to  the airfoil w a s  progressively.reduced, and the drag- 
increase measurements  were coordinated wLth photographs of the ice   for -  
mations. The drag data a r e  plotted in f igure E as a function of time 
i n  icing; the accompanying photographs f o r  the runs a t  Q0 and 7' angles 
of attack are shown in figure 16. 

A t  a 4' angle of attack and wlth a heating rate of 10,300 Btu per 
hour per  foot span f o r  the standard a i r f o i l  & a combined heating  rate 
of 11,380 B t u  per hour per foot  span for   the  slat and airfoi l   sect lon 
behind the  slat, 110 significant changes in  drag were ob served during 
LO minutes in icing  (fig.  =(a) ) .  A mall drag Increase  for  the standard- 
airfoi l   sect ion (maximum of 15-percent  increase in 17* min of icing) 
occurred with the heat  input reduced t o  -7670 Btu per hour per  foot span 
(74 percent of initial value). For the  slatted  section of the a i r fo i l ,  
the  drag  increased markedly when the combined heat  input was reduced t o  
6660 Btu per hour per  foot span (59 percent),  the drag increase amounting 
t o  0.0067 (73 percent) i n  the same 172-minute 1 icing period. A further 
20 minutes with this reduced heat  input caused the slatted-section drw 
to increase  an additional 0.0028. During the same 20-minute icing  period, 
the  standard-airfoil  heating rate was reduced t o  about 46 percent of the 
i n i t i a l  value,  with a consequent increase i n  drag from 0.0093 to 0.0148 
(59 percent). It i s  apparent from the data of f igure E ( a )  and the lower 
photographs of the ice formations i n  fLgure  16(a) that the large in- 
creases i n  drag w e r e  c a s e d  primarily by the lower-surface fce  formations. 
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An increase i n  the  heating rate caused a reduction i n  drag {fig. 15( a}) 
by  removing much of the  ice  on the  lower surface. The section drag 
coefficient of the  standard a i r f o i l  did not change appreciably at a 6' 
angle of a t tack   un t i l  a heat-input  value of  5170 Btu per hour per foot 
span was reached (32 percent of initial heating ra+,e, fig. E ( b )  ) A 
further  reduction i n  heat input  to 2850 Btu per hour per  foot span caused 
the drag coefficient t o  increase from  about 0.0130 t o  0.0177 i n  an addi- 
tional 10 minutes. 

A t  an angle of attack of 7' ( f ig .  E( c) ) with a heating rate varied 
downward from 17,500 t o  7550 Btu per hour per  foot span, no appreciable 
drag changes were observed f o r  the staadard-airfoil  section.  For the 
eht ted  sect ion,  however, the drag increased w i t h  time in  icing even 
with a heating  rate of l8,840 Btu per hour per foot span (combined heat- 
ing r a t e  f o r  slat and a i r f o i l  section behind s l a t ) .  This increase i n  
drag w a s  caused by the near stall condition of t he   a i r fo i l  at t h i s  angle 
of attack; hence, small amounts of runback icing on the upper surface 
easi ly  induced flow separation, with a consequent rapid  increase i n  drag. 
As the  heating rate continued t o  be reduced, the drag of the s la t ted  
section  reached 8 value of 0.039 (combined heating rate of 4290 Btu/( hr) 
( f t  span)) o r  172-percent increase over the in i t ia l   sec t ion  drag coeffi- 
cient. As the heating rate of the standard a i r f o i l  w a s  also  progres- 
sively reduced t o  5380 asd 2920 Btu per hour per foo t  span, the drag 
coefficient  increased  progressively, as shown i n  figure E( c) , a maximum 
section drag coefficient of 0.0201 (95-percent  increase)  being  reached 
a t  the end of the 54z-minute icing time. Photoeaphs of the ice  forma- 
tions  causing these drag values  are shown in figure 16(b). A correlation 
of the data of-figure l5 with the photogrqhs of figure  16(b)  indicatee 
that the initial d r a g  increases f o r  the  standard-&foil  section were 
caused. primarily by ice  formations on the lcwer surface in conjunction 
with l i gh t  runback icing on the qper surface. The f inal  large drag 
increase w a s  caused  by heavy i ce  formations on both surfaces. 

l 

Drag Measurements with Slat Extended 

Unheated a i r f o i l .  - The study of the ef fec t  of i ce  formations on the 
drag coefficient of the slatted-leading-edge  section of the model. was 
generally limited t o  an angle of attack of 6' and a partial   extension of 
the slat ( halfWay, 8O). The initial drag (dry a i r )  shows that extension 
of the s l a t   ( f i g -  17) caused a threefold  increase  in  drag over the  value 
with s la t   re t rac ted  (fig. 3). Most of this  crease in drag w a s  caused 
by the  previously  discussed d e  e f fec ts   a t t r ibu ted   to  the air flow over 
the tracks and the  hot-gas  supply  duct t o  the s l a t .  The drag increases 
with time in icing  for the unheated s l a t  with and uithout an ice-free 
par t ing   s t r ip  me shown in  figure 17 f o r  a datum air t a p e r a t m e  of 25O F 
and a liquid-water  content of 1.05 grams per  cubic  meter. The slat - 
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tracks w e r e  heated t o  m"l.mfze the local  ice  formations on the tracks. 
The data  again  indicate l i t t l e  difference between the average  values of 
the rate of change i n  drag coefficient  for  operation  with  or  without a 
pmting  s t r ip .  

Conparison of the data of f igures 6 asd 17 Fndicates that the   r a t e  
of c h w e  i n  dr8g with time  appears t o  be sl lghtly  greater with the slat 
extended than w i t h  the slat retracted. In  general, however, these 
values are similar enough to warrant the belief  that,  for  the  conditions 
studied,  the  extension of the slat has no great effect  on rate of drag  
increase caused  by  icFng. A lower rate of water catch  (water  content 

reduced from 1.05 t a  0.45 g/cu m) r e su l t ed   i n  a section-drag-coefficient 
increase of only  about 0.0045 above t h e   i n i t i a l  value  for 2 1  minutes 
in  icing. Photographs of the  ice  formations  incurred  during the drag 
study shown i n  figure 17 are presented  in figure 18. The effect  of hot- 
gas leaks into  the slat i s  evidenced by the large ice-free  areas  in  the 
leading-edge  region. 

Cyclic  de-icing. - The ef fec ts  on drag of primary and residual 
runback-ice  formations with the slat extended halftray (8O) and with the 
a i r f o i l  at an angle of attack of 6 O  are shown in figure 19 as a function 
of icing time for  liquid-water  contents of 1.05, 1.23, and 0.64 grams 
per  cubic meter.  Photographs of the ice  formations  before and a f t e r  
heating periods  corresponding t o  some  of the drag values of figure  19(a) 
are sham , i n  figures  20(a) and (b) . The ice-free pdt ing  s t r i p   f o r  
these studies was generally  too wide because of the heat  leaks  into  the 
slat. No significant  differences Fn drag w e r e  observed fo r  the rela- 
t i ve ly  small change in water content. The high drag values  f o r  the 
s la t ted   par t  of the  model a f t e r   i ce  removal were caused  by the  residual 
ice  formations on the lower surface of the slat, on the slat tabs, and 
around the track openings (lower right  f ig.   20(a) and upper right f ig .  
2O(b)). Removal of i ce  on the ugper surface was  incomplete, as evi" 
denced by runback streaks of ice 6 t o  8 inches l o n g  start ing about 4 
inches aft of the  leading edge, and also on the  last 4 inches of the 
s l a t   t r a i l i ng  edge. The large drag values followlng  ice removal were 
caused by heavy residual  ice  formations on the slat tabs. 

The effect  on drag of an increase tn the heating  period from 12 
seconds (fig.   19(a)) t o  18 seconds is shown i n  figure 19(b). Photographs 
of the i ce  formations  associated  with  the  longer  heating  period  before 
and after ice removal are shown i n  figure 20( c) . A compwison of f ig-  
ures 20(a) and (c) shows tha t  much less residual   ice  remains on both 
surfaces of the slat with a heating period of 18 seconds than with 12 
seconds. The slat drag data, however,  do not  indicate any decrease i n  
drag except f o r  the f irst  cycle. 

With a reduction i n  datum air temperature from 25O t o  Loo F and I 

a liquid-water  content of 0.64 gram per cubic m e t e r ,  the drag values for  
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the  s la t ted  leading-edge  section Increased with icing time as shown in 

the drag because of the   i ce  on the  lower surface of the slat, on the 
tabs , around the  track openings,and on the  tracks. These i ce  formations 
m e  shown i n  f igure 2O(d) both  before and after the heating  period. 

- figure 19 ( c) . Cycllc removal of the  ice  did not  appreciably  decrease 

Continuous heating. - A t  an angle of attack of 6O, slat extension 
halfway, and a heating  rate of 14,640 Btu per hour per  foot span (com- 
bined heat  input t o  s l a t  and a i r fo i l   sec t ion  bebind s la t )   the  drag coef- 
f i c i e n t   f o r  the slatted  section of the model increased  rapidly with time 
i n  an i c ing   cod i t ion  of 1.05 s a m s  per  &bic m e t e r ,  a s  shown i n   f i g -  
ure 21. After 1% minutes i n  the icing  condition, the drag had. increased 
from 0.030 t o  0.029. This increase  in drag was caused by i ce  formations 
on the slat tabs and small  ice  accretions gn the rearmost inches of 
the slat upper surface.  Reductions i n  heat input t o  9780, 6840, and 
4960 Btu per hour per  foot span caused a continued  increase in drag 
( f ig .  21) and increased the extent of the runback on the slat upper sur- 
f ace. The ice  f ormations  causing  these  increases in d r a g  are  shown i n  
figure 22. 

1 

Let-Down - Approach Condit€on - 
With-the slat retracted, studies were m a d e  of simulated  let-down - 

approach conditions  for  glaze-icing  conditions, during which the unheated 
a i r f o i l  was allowed to ice  for  varying  periods at l o w  angles of  at tack 
(2O and 4') asd then the aktitude was increased t o  7O or 8'. A t  low 
liquid-water  contents (low rates of water  catch)  the  resultant drag 
values at  the  increased  angle of attack were on the same order of mag- 
nitude as those normally obtained by in i t i a l ly   s t a r t i ng   a t  the high 
angle of attack.  Cyclic removal of the i ce  formations  returned  the 
drag values t o  those normally associated with the residual runback i ce  
formations a t  the high angle of attack. For glaze-ice  formations at 
high r a t e s  of water catch,  the drag value  for  the slatted-airfoil   sec- 
t i o n  at 2' angle of attack and an airspeed of 260 miles per hour after 
4 minutes of icing antounted t o  about 0.0135 and increased  to.0.062 when 
the  angle of attack was increased t o  8' and the speed decreased t o  175 
miles  per  hour. The slat was then extended  halfway (still with the  ice  
formation  incurred at Z0) , with a slight decrease i n  drag coefficient t o  
0.057. F u l l  slat extension (16O) increased the drag  coeff ic ient   to  
0.090. The drag coefficient f o r  the standard airfoil was not greatly 
affected by a change i n  attitude. Similax resu l t s  were obtained when 
the initial ice  formstions Were incurred a t  an angle of attack of 4'. 
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In general,  the  section drag characteristics of the swept HACA 
6311-009 a i r f o i l  with slat retracted  are mre adversely  affected by the 
presence of ice  formations in the  leading-edge  region than are those of 
the unswept NACA 651-212 a i r f o i l  ( ref .  1). A t  low rates  of w a t e r  catch, 
the rate of. drag increase f o r  the unheated swept 63A-009 d r f o i l  i s  
approximately 22 times as great as that of the unswept a i r f o i l  of ref - 
erence 1 f o r  sFmilas icing  conditions.  Several  factors  are  believed t o  
contribute t o  the greater r a t e  of drag change fo r  the 63A-009 a i r fo i l .  
The chord of the swept  638-009 a i r f o i l  w a s  approximately 14 p a c e n t  
smaller and the  thickness was 25 percent less than  those of the unewept 
6Ei1-2I2 a i r f o i l .  The effect  of these  reductions i n  size is  t o  yield a 
higher drag value f o r  a constant ice or  protuberance  size ( ~ e e  refs. 1 
and 6 for   the  effect  of protuberance height on drag values) . In addi- 
tion,  the  three-dimensional  effects  introduced  by  airfoil sweep probably 
result i n  an increase i n  the length of the boundary-layer path  over  the 
leading-edge-region  over that rsccurrlng with two-dimensional flow; hence, 
the disruptive  effects on the boundary layer by the ice formations in 
the leading-edge  region are probably greater and contribute  to the 
greater drag values. 

1 

a 
8 

The results reported  herein  corroborate the data of reference I, 
which show that a heavy glaze-ice  formation  resulting from icing 
encounters with combinations of high liquid-water  content, large droplet 
s i ze ,  high  airspeed, and high datum air t e q e r a t u r e s  will cause lmge . 
and rapid  increases i n  drag that may be  detrimental t o  aircraft qpera- 
tion. Also, the  operation of an aircraft with glaze  ice on the leading- 
edge region ~ a landing-approach  eondLtion  should  be  avoided in order to 
minimize the  possibi l i ty  of a i r f o i l  stall due t o  these ice  formations. 

* 

.. . 

In order t o  congare a continuous-heating system with a thermal 
cyclic de-icing system i n  an operational  analysis, the relat ion between 
the rate of change of drag with the heating rate i s  required. From the 
continuous-heating data of figures 6 and E, the average  time ra te  of 
change in drag  coefficient can be determined as a function of heating 
rate, a6 shown i n  figure 23. These data are for  moderate t o  high rates  
of water  catch and include  angles of attack of 43, 6O, and 7'. Within 
a reasonable  scatter,  the data fo r  the standard-afrfoil  section appear 
t o  f a l l  on a single curve  over most of the range shown. No apparent 
drag increase is  indicated  for a heating rate greater than 9000 Btu per 
hour per  foot span; whereas, with no heating,  the data indicate 6ome 
variation i n  drag increase. per Fit time w i t h  angle of attack (fig. 6 ) .  
Although the residual  ice formations far heating  -rates of about 3000 
Btu  per hour per  foot span are  relatively  large  (see f ig .  16(b)), the 
r a t e  of drag increase is  only of the  order of 30 percent of the  drag 
increase  for an  unheated a i r fo i l .  The limit 0.f heating  rate for zero 

.. . 

L 

. 



drag increase (around 9OOO Btu/(hr)(ft   span)) is somewhat duubtful, 
since  the  afterbody of t h e   a i r f o i l  W&S heated t o  prevent f r o s t  accmu- 
lations;  consequently, runback ice  formations beyond the gas-heated 
leading-edge  section (20 percent of chord)  could  not be evaluated. 
Only a  single  reliable data point  (fig. 23) at a 4' angle of a t tack 
was  obtainable for the slatted-airfoil section with the  s la t   re t racted 
and with continuous  heating. It is believed that data for   the  s la t ted-  
a i r f o i l  sec t ion   l i e  sonrewhat higher  than  those f o r  the standard-airfoil 
section because of the  pecul iar i t ies   in  the air flow over the swept 
model. It also appears probable that additional data may indicate  sepa- 
r a t e  curves f o r  each  angle of attack,  especially at low heating  rates 
(lee&  than 5000 Btu/(hr ) ( f t  span) ) . 

- 

With f igure 23 it i s  possible to  compare heating rates for  
continuous-heating systems with those for  cyclic  de-icing systems on the  
basis of drag increase. Drag increase with time typical of a cyd3.c  de- 

7 icing system (taken from fig. l3(b)) i s  shown by the dotted Unes i n  
8 figure 24 for  both airfoi l   sect ions.  The average drag coefficient  for 

cyclic  de-icing i s  6 h m  by the  sol id  lines. The instantaneous  heating 
rate f o r  cyclic  de-icing was  about 25,400 Btu per hour per foot span for  
the  s la t ted-airfoi l   sect ion and 24,100 Btu per hour per foot  span f o r  
the  standard-airfoil  section; however, i n  terms of equivalent  continuous- 
heating rates (based on cycle  ratio, ref. 3), these rates become 2120 

figure 23, the average drag coefficient  for a continuous-heating system 
can be shown by straLght lines ( f ig .  2 4 )  originating with the bare air- 
f o i l  drag coefficient asd depending on the heating rate fo r  %heir slope. 
Curves of the  average drag increase f o r  two continuous-heating rates, 
3500 aSa 5000 Btu per hour per  foot span, axe sham in  figure 24 for 
both airfoi l   sect ions.  For the slatted-airfoil   section,  points of equal 
drag penalty  during the ic ing encounter, shown by the intersections of 
the  drag-penalty  curves for the continuoue-heating system with the  curve 
of the  cyclic  de-icing system, OCCUT a t  8.7 and 12 minutes, respectively, 
for  the two heating rates given  previously.  For  the  standard-airfoil 
section, the point of equal drag penalty  occurs at about 4.7 minutes with 
the higher  heating rate; whereas, at the lower heating  rate,  the average 
drag increase with continuous heat- i s  always greater than  the average 
drag increase with cyclic  de-icing. 

* and 2010 Btu per hour per  foot span, respectively. Based on data from 

For the standard-airfoil  section WLth a heating rate of 5000 Btu per 
hour per f o o t  spas, since the drag increase  for both systems i s  substan- 
tially the same for the f irst  4 minutes of the icing encounter, the heat 
savings  obtained wfth the cyclic de-iciw system over the continuous- 
heating system can be shown by a direct  canparison of the  heating  rate 
(2lZO t o  5000 Btu/(hr)(ft span), respectively) and i s  In the r a t i o  of 
k2.36. Similar trends and observations are sham fo r  the alatted- 
a i r f o i l  section in figure 24( a). The drag p d t y  due to residual i ce  
formations folloxLng emergence from the  icing  encounter i s  even more 

. 

. 
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evident  than for the  standard-airfoil  section. The drag  increase due ta 
residual i c e  formations for  the  cyclic  de-icing system i s  approximately 
0.0012 after 1% minutes i n  icing; whereas, with the continuous-heating 
system a t  a heating  rate of 3500 Btu per hour per  foot span, the drag - 
increase due to  residual  icing i s  O.OLo4 Etnd Kith 5000 Btu per hour per 
foot span is  0.0076- 

From comparisons such as this, it i s  possible   to  eva lua te  the heat 
savings that may be q e c t e d  from a cyclic  de-icing system. For  opera- 
t ion  in  icing  conditions exceeding the  time  at which the average qag 
coefficients are equal  for  the two systems, the continuous-heating sys- 
t e m  that does  not  evaporate all w i n g i n g  vater ~Lll always suffer a 
performance penalty tha t  will become increasingly more severe with time 
in  ic ing.  It should be noted that comparisons  such as these  apply during 
the icing encounter; and, after emergence from the encounter and cyclic 
removal of the  ice  formations, only a slight drag penalty due t o  residual- 
ice  formations may exist; whereas, the drag penalty  for the continuous- 
heating system remains unt i l   the  long process of sublimation  has removed 
the  residual  ice formation. 

It must be emphasized also that the values  cited in  these examples 
are fo r  the specific model and conditions  described  herein and have 
l imited  application  to  other  airfoils and conditions. Although the 
method of comparison shown in   f igure  24 should be val id ,  there i s  need 
for additional  data  to  permit thorough evaluation of  continuous-heating 
and cyclic  de-icing systems for operational analyses. 

SUMMARY OF RESULTS 

The resu l t s  of a study of the effects  of i c e  formations on the  sec- 
t i on  drag of a 36O swept NACA 63A-009 a i r f o i l  with partial-span leading- 
edge slat may be summarized a s  follows: 

1. Glaze-ice  formations i n  the leading-edge  region of t he   a i r fo i l  
caused large and ragid increases in   sect ion drag coefficient. In gen- 
eral ,   the  icing of th in  swept a i r fo i l s  will resu l t  in greater aerodynamic 
penalties  than Tor thick unswept a i r fo i l s . .  The change i n  drag coeffi- 
cient  in  icing  conditions for the swept 63A-009 a i r f o i l  with slat re- 
tracted was of the order of Z$ times as great as that for  an mewept 
651-212 a i r f o i l *  

2. Removal of the primary ice  formations by cyclic  de-icing caused 
the drag to   re turn  almost t o  the bare-airfoi l  drag coefficient. The 
increment of drag increase remaining a f te r  the heating period w a s  caused 
by residual runback ice  formations and ice remtnLng on the  surface 
because of limitations of the  heating system. 
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3. The section drag coefficient  for  the unheated a i r f o i l   i n   i c i n g  
conditions was substantially  unaffected by the we of an  ice-free part- - ing  s t r ip  at the stagnation  region. 

4. With the slat extended, initial (dry air) drag coefficient  values 
w e r e  increased  threefold  over  the drag values with slat retracted because 
of w a k e  e f fec ts  caused  by the slat tracks and the  hot-gas  supply  line; 
consequently, an evaluation of absolute drag of the   s la t ted-a i r fo i l  sec- 
t i on  w a s  impossible. The rate of change i n  drag  coefficient in icing 
conditions  with the slat extended was of the  same order of mqnitude as 8 

G with  the slat retracted. 

5. A glaze-ice  formation on the  leading-edge  section  for a let-down 
and approach  condition,  during which the  a i r foi l   angle  of attack i s  
increased from low t o  high angles of attack (7' o r  8O) , caused a large 
increase i n  section drag coefficient,  especially when the slat was 
extended a t  the  high angle of attack. 

z 
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Y 
u R . 

Lewis Flight  Propulsion  Laboratory 
National Advisory Cozrnnittee f o r  Aeronautics 

Cleveland, Ohio, November 4, 1953 
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Figure 3. - Variation of airfoil-section drag coefficient 
(in dzy air) x i t h  angle of attack. Slat retracted; a i r -  
speed, 260 miles per  hour. 
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(b) Sweep angle, 36'. (c) Sweep angle, SOo. 

(a) %eep angle, 0'. 
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(a)  Standard-airfoil section. (b) Slatted-airfoil  section. 

Figure 6. - Variation of aeetlon drag coefficient  with  time in icing for unheated 
airroil (slat  retracted) at a high rate  of water catch. Airspeed, 260 miles per 
haw. 
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Lower surface. Icing the, + minutes; 
section drag coefficient,  0.0145. 

E.. . . . . . . . . ""_ .. .. . . " . - - "" 
Lower surface. Icing the, 10 minutes; 
section drag coefficient,  0.0251. 

Upper surface. Icing time, 5~ minutes; 
section drag coefficient, 0.0177. 

1 

1̂ -35339: 

Upper surface. Icing time, 1% 1 mirmtes; 
section drag coefficient,  0.0265. 

(a)  Angle of attack, 20; initial standard-&foil-section drag 
coefficient, 0.0090. 

Figure 7. - Typical glaze-ice  formatione with high rate of uater  catch on 
unheated  airfoil  leading-edge  section  (slat  retracted).  Airspeed, 260 
miles per hourJ datum  air  temperature,  25O F; liquid-water  content, 
0.83 gram per  cubic meter. 
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Lower surface.  Icing time, 4- minutes; 
section drag coefficient, 0.0192. 

1 Upper aurface. IC- time, 5 minutes; 
2 section drag coefficient, 0.0199. 

Lower surface. Icing time, 10 minutes; Upper surface.  Icing time, 1% minutes; 
section drag coefficient, 0.0252. 

1 

section drag coefficient, 0.0260. 

(b) Angle of attack, 4O; initid standard-airfoil-section drag 
coefficient, 0.0091. 

Figure 7. - Continued. Typical glaze-ice f o m t i o n s  with high ra te  of 
water. catch on unheated a i r fo i l  leading-edge section  (plat  retracted). 
Airspeed, 260 mlles per hour; datum air  tempratme, 2 5 O  Fj  liquid- 
water content, 0.83 gram per cubic meter. 
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L o w e r  surface.  Icing time, 4 mimtes; 
section drag coefficient, 0.0177. 

C-32392 . 

c-32301 

Upper surface. IC- t h e ,  &- m t e s ;  
section dr8.g coefficient, 0.0188. 

2 

. - 

Lower surface.  Icing tine, 10 minutes; upper surface. t-, 1% miiutes; 
section drag coefficient, 0.03U. section drag coeff‘lcient, 0.0321. 

1 

(c) Angle of ettack, 6O; initial  standard-airfoil-section drag 
coefficient, 0.0089. 

Figure 7 .  - Continued. Typical  glaze-ice formations with high r a t e  of 
water catch on unheated airfoil leading-edge section ( s h t  retracted). 
Airspeed, 260 miles per hour; datum air temperature, 25O F; liquid- 
m t e r  content, 0.83 gram per cubic meter. 
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?ioder Surface. Icing time, 2 miIlUte6; 
section drag coefficient, 0.0177. 

- Upper surface.  Icing time, 3 mirmtesi 
1 

section drag coefficient, O.OIB7. 

Lower surface.  Icing time, 5 minutes; 
section &rag coefficient, 0.0228. 

Upper eurface. Icing time, 3 m i r m t e ~ ~  

section drag coefficient, 0.0239. 

1 

(a) Angle of attack, 8'; initial.  standard-airfoil-section  drag 
coefficient, 0.0090. 

Figure  7. - Continued. Typical glaze-ice  formations  with high rate of 
water catch on unheated a i r fo i l  leading-edge section ( s k t  retracted). 
Airspeed, 260 miles per hour; datum air temgerature, 25O F; liquid- 
water  content, 0.83 gram per cubic meter. 
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Lower surface.  Icing tLme, 1% minutes; 
section drag coefficient, 0.0350. 

1 Lower surface. Icing time, 11 minutes; 
secttion drag coefficient, 0.0360. 

m e r  surface.  Icing time, 15 minutes; 
section drag coefficient, 0.0457. 

(a) Concluded. Angle of attack, 8'; initial  atandaM-airfoil-aeotion 
drag ooefficient, 0.0090. 

Figure 7. - Concluded. Typical  glaze-ice lormationa with high rate  of 
water catch on unheated a i r f o i l  leading-edge section  (slet  retracted). 
Airspeed, 260 miles  per hour; datum air temperature, 2 5 O  F; liquid- 
water  content , 0 -83 gram per cubic meter. 
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mer BUrface. Icing time, 3 d m t e e j  

section drag coefficient, 0.0160. 

1 

w 
0 

Upper surface. Icing time, % minutes; 
section drag coefficient, 0.0172. 

Flgure 8. - Typical rime-Lce fonaatiom on unheated &&foil leading-edge 
section ( s lat  retracted). Angle of attack, 4 ' ~  airspeed, 260 miles 
per hour; datum air teqperatura, loo FJ liquid-water  content, 0.55 
gram per ctibics meter; iatisl atandard-airfoil-~se&im  coeffi- 
cient, 0.0112. 

1 
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0 4 8 12 16 20 24 

Time in icing, min. 
(b) Slatted-atrfoil  section. 

Figure 9. - Variation of section drag coefficient with time in glaze- 
icing condltiom fo r  unheated airfoil  (slat retracted) at a l o w  rate 
of water catch. Airspeed, 260 miles per hour; datum air  temperature, 
25O F; liquid-water content, 0.39 gram per cubic meter. 
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h e r  surface. Icing time, % minutes; 
section drag coefficient, 0.0129. 

1 Upper  surface.  Icing time, 5 m i m t e S ;  
section drag coefficient, 0.0126. 

Larer  surface. Icing time, 1% toimtes; 
section drag coefficient, 0.0179. 

1 

(a) Angle  of attack, 4O; initial  standard-airfoil-section drag 
coefficient, 0.0103. 

Figure 10. - Typical  glaze-ice  formations  with low rate of  water  catch 
on unheated -foil leading-edge section ( e h t  retracted).  Airspeed, 
260 miles per houri datum air temperature, 25' Fj liquid-water  con - 
tent, 0.39 gram per cubic  meter. 
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Lower  surface. Icing time, 4 mFtrutes; 
section drag coefficient, 0.0112. 

Lower surface. Icing time, 10 minutes; 
section drag coefficient, 0.0153. 

5-32386; 

Upper M a c e .  Icing time, 4z minutes; 
section drag coefficient, 0.0115. 

1 

" " .. . CSiZ*i - 

Upper surface. Icing time, 12 minutee; 
section drag coefficient, 0.0155. 

(b) Angle of attack, 8O; initial  standard-airfoil-section drag 
coefficient, 0.0099. 

Mgure 10. - Concluded. Typical glaze-ice formstions with low rate of 
water  catch on unheated  airfoil  leading-edge  section  (slat retracted). 
Airspeed, 260 miles per hour; datum air temperature, 25O E'; liquid- 
water content, 0.39 &ram per  cubic meter. 
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( a )  StandPrd-airioil seotiau. (b) Slattud-&Poi1 mcotian. 

Fiaurp 11. - Ssation drag coefflc.ient M functlm of time in glaztdcing cwdltions ui th  loadlag-e c? eectlon unheated exoegt for 
lce-fPee pnrting strip (alat mtraotad). Airspeed, 260 milee per h m ;  daw air tampraturt, 25 der P. 
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mer surface.  Icing time, 2 minutes; 
section drag coefficient, 0.0127. 

Upper surface.  Icing time, % minutes; 

section drag coefficient, 0.0180. 

1 

(a) High ra te  of water catch. 

" C-32294 
. . . . . . - 

Upper surface.  Icing time, 5 minutes; 
section drag  coefficient, 0.0188. 

Angle of attack, CO; liquid- 
water content, 0.83 gram per cubic Ilpter; i G t k  standard- 
airfoil-section drag coefficient, 0.0085. 

Figure 12. - Typical  glaze-ice  formations on unheated a i r f o i l  leading- 
edge section  with  ice-free  parting  strip (slat retracted). Airspeed, 
260 miles per hour; datum air teuperahre, 2 5 O  F. 

. 
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Upper surface.  Icing time, 1 1 ~  mimtes; 
section drag coefllcient, 0.0140. 

1 

(b) Low rate of water catch. Angle of attack, 4O; liquid-water 
content, 0.39 gram per cubic rqeteri; initial  standard-airfoil- 
section drag coefficient, 0.0078..  

Figure 12. - Continued. Typical glaze-ice formations on unheated a i r fo i l  
leading-edge section with ice-free parting s t r i p  (slat  retracted). Air- 
speed, 260 miles  per hour; datum a i r  temperature, 25O B. 

Lower surface.  Icing time, % mfnutee; 
section drag coefficient, 0.0101. 

1 Mer surface.  Icing time, ll m i m t e e ~  
section drag  coefficient, 0.0134. 
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Lower surface.  Icing time, 4 minutes; 
section drag coefficient, 0.0192. 

C - 3 2 3 8 1 1  .. . . 

Upper surface.  Icing time, 7 2  minutes; 
section drag coefficient, 0.0280. 

1 

Upper surface. Icing time, 1% d m t e s i  Lower surface.  Icing time, 1% minutes; 
section drag cmfficient, 0.0358. section drag coefficient, 0.0461. 

1 1 

(c) High rate  of water catch. Angle of attack, 8'; liquid-water 
content, 0.86 =am per cubic meter; initial standard-airfoil- 
section drag cuefficient, 0.0081. 

Figure 12. - Concluded. Typicel glaze-ice formatione on unheated &foil 
leading-edge section w i t h  ice-free parting s t r i p  (slat retracted). A F ~ -  
speed, 2KI miles per hour; dab air temperature, 25O F. 
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Airfoil Heat-on,  Heat-off', 
section Bec aec 
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(a) Angle of attack, 4'; liquid-water  content, 0.39 gram per cubio meter. 

(b) Angle of attack, 4'; liquid-water  content, 0.80 gram per cubic meter. 
.016 

,012 

.ooa 
0 8 16 24  32 40 46 5 6  

" 

Time i n   i ~ i r l g ,  mln 

(c)  Angle of attack, 2O; liquid-water  content, 0.80 gram per  cubic meter; icing 
period, 220 seconds;  heat-on period, 20 seconds. 

Figure 13. - Effect of glaze-Ice  formations on section  drag  coefficient as func- 
tion of time in  Icing with a i r fo i l  leslbing-edge section  cyclically de-iced 
(slat  retracted). Airspeed, 260 miles per hour; datum air  temperature, 250 F. 
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c 

her surface. IC- time, 48 minutes; upper e m a c e .  t h e ,  5 4  h u t e q  

ard  airfoil ;  heat-on period, 10 seconds; 
heat-off period, 470 eeconde. 

drag o*oL56; '" section drag ooeffioient, 0.0145; slatted 
a i r fo i l ;  heat-on perioa, 10 aecanda; heat- 
o f f  period, 470 secOnas. 

(a) lox rate d water catch, before ice removal. Angle of attack, 40; 
liquid-water  content, 0.39 gram per cub10 meter; initial standard- 
airfoil-section dzag coeffioient, 0.0085. 

Figure 14. - Glaze-ice  formations on cyclically de-iced s i r f o i l  leading- 
edge section  (slat  retracted). Airspeed, 260 miles per hour; datum 
a i r  temperature, 25O E'. 



. .. 

P 
N 

Lawcr mface. Icing time, % mimtasj 3 

section drag coefficient, O.Oll2; 
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a 
m 0 

Lower surface.  Icing time, 12 minutes; 
section drag coefficient, 0.0138; be- 
fore ice  removal; standard &foil. 

c 

Lower surface.  Icing time, I+  minutes^ 
section drag coefficient, 0.01223 af te r  

I 

Upper surface.  Icing time, 16 minutes; 
section drag coefficient, 0.0130; be- 
fore  ice removal; s la t ted   a i r fo i l .  

( c )  High ra te  of water  catch. Angle of attack, 2O; liquid-water con- 
tent, 0.W gram per cubic uteterj in i t ia l   s tan"a i r fo i l - sec t ion  
drag coefficient, 0.0092; heat-on period, X) seconds; heat-of'f 
period, 220 seconda. 

Figure 14. - Concluded. Glaze-ice  formations on cycLLcally de-iced a i r f o i l  
leading-edge section (slat retracted). Airspeed, 260 miles per hour; 
datum a i r  temperature, 25O F. 
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*ooqb) m l e  of attack, go; aimwed, 176 mllaa per  hour; llquld-water ccmtent, 1.05 &rams Der Sublc netera 
4 

u L) Standard aLrf0ll eact lon.  
m 

T i m  in i c i q .  nln 

( c ]  %le of attack, 7 0 ;  airepeed, 280 a l e s  per houri liWld-UILter o m t e n t .  0.80 gram per cubic meter. 

F i p r a  16. - Effeot  on a e o t l o n  drag c o s f f i c l e n t   o f  runback iaim incur red  uith varicun haatlng ratem 
88 f u n c t i m  of t i n e  i n  icing with a l r f o l l  leading-edge s e c t i o n  contirmously heated (alati.stractcU). 
D a t u m  a l r  tenperaturs, 25O B. 
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Upper surface.  Iclng time, % minutee; 
section drag coefficient, 0.0095. 

1 

t 

Upper Burface. 1- the, 59 minutes; 
section drag coefficient, 0.0140. 

M e r  surface.  Icing time, 4 3  minutes; 
eection drag coefficient, 0.0094. 

1 

Lover surface.  Icing time, 64 minutes; 
section drag  coefficient, 0.0148. 

(a) Angle of attack, 4 O j  initial  standard-airfoil-section drag 
coefficient, 0.0085. 

Figure 16. - Typical runback icing  with high rate of water catch on eLr- 
foil with  continuously  heated  leadingedge  section  (slat  retracted). 
Airspeed, 2EO miles per hour; datum d r  temperature, 2So F; liquid- 
water  content, 0.80 gram per cubic meter. 
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Upper..vface. Icing time, 33 minutes; 
eection drag coefficient, O.Oll7. Lower surface. Icing time, minutes3 

section drag coefficient, 0.0142. 

1 

Lower surface. Icing time, 46 minutee; 
eection drq coefficient, 0.0185. Upper aurface. IC- time, % 1 minutes; 

eection drag coefficient, 0.0192. 

(b) Angle of attack, 7'; initial etandard-ahfoil-section drag 
coefficient, 0.0103. 

Figure 16. - Concluded. Typical runback icing with  high rate of w a t e r  
catch on a i r fo i l  with  continuously  heated  leading-edge section  (slat 
retracted). Airspeed, 260 miles  per houy; datum air temperature, 
EO F; uquid-water content, 0.80 gram per cubic meter. 
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Figure 17. - Variation of section  drag  coefficient  with time la. glaze- 
icing conditione for unheated airfoil with slat extended halfway. 
Sla t  tracks heated; angle of attack, 6’; airspeed, 175 miles per  hour. 
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Laver surface.  Icing time, 3 mirmtesj 
section drag coefficient, 0.0395. Upper surface.  Icing time, % mlmrtes3 

1 

Lower surface. 10% t h e ,  1% minutee; 
section drag coefficient, 0.0490. 

1 Upper surface.  Icing time, 12 minutes; 
section drag coefficient, 0.0510. 

(a) High rate of water catch. Liquid-water content, 1.05 gmnm 
per cubic metert ini t ia l   sect ion aFag coefficient, 0.0286. 

Figure 18. - Glaze-ice  fonnations on unheated elatted-airfoil  section 
with slat extended halfway. Angle of attack, 6'; airspeed, 175 miles 
per hour; datum aFr temperature, 2 5 O  F. . .  
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Lower surface.  Icing time, 3 minutes; 
section drag  coefficient, 0.0398. 

Upper surface. Icing time, 4 minutesj 
section drag coefficient, 0.0450. 

Lower surface. Icing time, 10 minutes; 
section drag coefficient, 0.0602. 

Upper surface.  Icing time, 11 mimztes; 
section drag coefficient, 0.0576. 

(b) High rate of water catch; ice-free  parting strip. Liquid-water 
content, 1.05 grams per cubic meter; ini t ia l   sect ion drag cocffi- 
cient, 0.0312. 

F'igure 18. - Continued.. Glaze-ice  formations on unheated slatted-e.irfoi1 
. section  with  slat extended helfway. Angle of attack, 6'; airspeed, 175 
miles per hour; dstum eFr temperature, 25' F. 
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Larer &ace. Icing time, 4 minutes; U p p e r  emface. Icing time, 5 minutes3 
section drag  coefficient, 0.0315. section drag coefficient, 0.0317. 

Lower surface. IC- time, 10 mi nu tee^ 
eection drag coefficient, 0.0329. section drag coefficient, 0.0330. 

(c) Low rate of vater catch.  Liquid-vater  content, 0.45 gram per 
cubic mterj initial section drag coefficient, 0.0306. 

FYpre 18. - Concluded.  Glaze-ice formations on unheated  slatted-airfoil 
section with slat extended halfway. Angle of attack, 6 O j  airspeed, 175 
miles per hourj datum air tewperature, 25' F. 
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* 

(a) Heat-off period, 220 secondat heat-on period. 12 seoonda; dab air temperature. 250 F. 
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Upper surface.  Icing time, 10 minutes; 
before ice removal. 

Lower surface. Icing time, 15 minutea; 
section drag coefficient, 0.04733 before 
ice removal. 

Upper surface.  Icing'time, UT mitmtes; 
after ice removal. 

1 

..c-32532 3 
Lower surface.  Icing time, 1% minutee; 
aedian drag coefficient, 0.0463~ a f t e r  
ice removal. 

1 

(a) Glaze ice, Ugh rate of w a t e r  catch. Datum air temperature, 25O F; 
liquid-WEter content, 1.05 per cubic meter; initial eection drag 
coefficient, 0.0325; heat-off period, 220 seco~dej heat-on period., 12 
aeconds. 

Figure 20. - Ice formations on cyclically &-Iced slatted-airfoil  section 
with slat extended halfvay. Angle of attack, ~ O J  airspeed, 175 miles 
per hour. 
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. 

Lower surface. Icing time, 72 minutes; 
before  ice removal. 

1 

Upper surface. IC- tlme, 11 minutes; 
section drag coefficient, 0.04173 be- 
fore ice removal. 

Lower Burface. Icing time, 8 minutes; 
af ter   ice  removal. 

Upper surface.  Icing the, Ilz minutes; 
section drag coefficient, 0.03833 mer 
ice removal. 

1 

(b) Glaze ice, high ra te  of water catch. Datum air temperature, 25O F j  
liquid-water  content, 1.23 grams per cubic meter; initial section 
drag coefficient, 0.0315; heat-off  period, 220 seconds; heat-on 
period, 12 seconds. 

Figure 20. - C o n t h u e d .  Ice folmatlons on cyolloally de-bed  elatted-airfoil 
section with slat extended halfway. Angle aP attaok, 6O; airspeed., 175 miles 
par hour. 
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m e r  surface. Icing time, 72 mirmtes~ 1 mer surface.  ICi-  time, 8 miUUte8 j 
section drag coefficient, 0.05921 after 

section dr8g coefficient, 0.0440; be- ice remo~al; 
fore ice removal. 

Upper mface. Icing time, UT mlrnrtesj 

sectLon drag coefficient, 0 . W ;  before ice removsl. 

1 Upper surface. Icing time, 12 minutes; 
section drag coefficient, 0.0481; after 

ice removal. 

(c)  Glaze ice, high rate of water catch. D a t u m  sir temperature, 
25O F; liquid-water  content, 1.05 grama per cubic  meter; ini- 
tial section drag coefficient, 0.0%?3 heat-off  period, 220 
seconds j heat-on  period, 18 secon&. 

Figure 20. - Continued. Ice formations on cyclically  de-iced  slatted- 
airfoil  section dth slat  extended halfway. Angle of attack, 6 O ;  
airspeed, 175 miles per hour. 
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c 

Lower surface.  Icing time, 3% minutes; 
before  ice removal. 

1 

Upper surface.  Icing time, %minutes; 
section drag coefficient, 0.0394; before 
ice  removal. 

1 Upper surface.  Icing the, 37 minutes;  
section drag coefficient, 0.0336; af te r  
ice  removal. 

(a) Rime ice. D a t u m  d r  temperature, loo F3 Hquid-water content, 
0.64 gram per cubic meter3 initial section drag coefficient, 
0.0324; heat-off  period, 220 seconds; heat-on  period, X) seconds. 

Figure 20. - Concluded. Ice  formations on cyclically de-iced slatted- 
airfoil section  with slat extended halfway. Angle of attack, 6'; 
airspeed, 175 miles per  hour. 
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Figure 21. - Effect on section drag coefficient of runback icing incurred  with 
various  heating  rates  a8 a function of time in icing with a i r f o i l  leading-edge 
section  continuously  heated and s l a t  extended halfk~y. Angle of attack, 60; 
airspeed, 175  miles per hour; datum a i r  temperature, 25O F; l iquid-mter 
content, 1.05 grams per  cubic mter. 
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Lower surface.  Icing time, 10 mimtes; Upper surface.  Icing time, 13 minutes3 
section drag coefficient, 0.0383. section drag coefficient, 0.0386. 

Lower surrece. IcLng time, 31 minutes3 Upper M a c e .  Icing time, 33 d a t e s 3  
section drag coefficient, 0.0427. section drag coefficient, 0.0434. 

Figure 22. - Typical runback ice formations with high rate of water  catch 
on s la t ted   a i r fo i l  with  continuou6ly  heated  leading-edge section and 
slat extended halfway. Angle of attack, 6O; airspeed, 175 miles  per 
hour; datum air temperature, 2Sa F; Liquid-water content, 1.05 grams 
per cubic meter; initial section drag coefficient, 0.0299. 

r 
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Figure 23. - Average change in section drag  coefficient per 
unit of time as function of heating rate for continuously 
heated airfoil leading-edge  section  (slat retracted). 
Datum a i r  temperature, 25’ F . 
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1 Drag change . I  
Average d t h  cycllc  de-icing system 

-Instantaneous with cyclic  de-icing system - - -Average with contlnuoue-heating  system 

B 
rl 

(a)  Shtted-airfoil  section (slat retracted) . 

0 4 8 12 16 20 
Tlme In icing, ndn 

(b) Btandard-alrfoil  section. 

Figure 24. - Comparison of average drag Increase in L c i n g  
condltions far continuoua-heating and cyclic  de-icing 
SySteiUB f o r  several heat- rates (s lat  retracted). Air- 
speed, 260 miles per hour; datura a b  temperature, 2S0 F; 
angle of attack, 40; wuid-water content, approximately 
0.80 gram per  cubic m e t e r ;  heat-on  period, 20 eeconds; 
heat-off period, 220 eeconds. 
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